Phytosterols are plant sterols found in foods such as oils, nuts and vegetables. Phytosterols, in the same way as cholesterol, contain a double bond and are susceptible to oxidation. The objective of the present study was to assess the potential toxic effects of b-sitosterol oxides on U937 cells. The effects of increasing concentrations (0-120 mM) of b-sitosterol oxides on cellular cytotoxicity, apoptosis, antioxidant status and genotoxicity was assessed over 12, 24 and 48 h exposure periods. Following 12 h, the viability of cells treated with 120 mM-b-sitosterol oxides was reduced to 51·7 % relative to control. At 24 and 48 h, both 60 and 120 mM-b-sitosterol oxides caused a significant decrease in cell viability. For comparison, a decrease in viability of cells treated with a cholesterol oxide, 7b-hydroxycholesterol (7b-OH, 30 mM), was evident at 24 h. An increase in apoptotic cells, assessed using Hoechst 33342, indicates that the mode of cell death in U937 cells following exposure to 7b-OH (30 mM) and b-sitosterol oxides (60 and 120 mM) was by apoptosis. The increase in apoptotic cells after 12 h following treatment with 120 mM-b-sitosterol oxides was accompanied by a decrease in cellular glutathione. Similarly, 7b-OH (30 mM) treatment resulted in decreased glutathione at 12 h. Catalase activity was not affected by any of the treatments. b-Sitosterol oxides had no genotoxic effects on U937 and V79 cells as assessed by the comet and sister chromatid exchange assays respectively. In general, the results indicate that thermally oxidised derivatives of b-sitosterol demonstrate similar biological effects as 7b-OH in U937 cells, but at higher concentrations. Phytosterol oxides: Cholesterol oxides: Cytotoxicity: Apoptosis * Corresponding author: Dr Nora M. O'Brien, fax +353 21 4270244, email nob@ucc.ie Abbreviations: COP, cholesterol oxidation product; FCS, fetal calf serum; 7b-OH, 7b-hydroxycholesterol; SCE, sister chromatid exchange.
Phytosterols are found in plant foods and are structurally similar and functionally analogous to cholesterol in vertebrate animals. Recently, there has been increasing interest in the use of phytosterols as cholesterol-lowering agents. Esters of phytosterols or phytostanols are being incorporated into a growing spectrum of functional foods, including margarine and salad dressings, in a number of countries (Moreau et al. 2002) . Because phytosterols contain structures similar to cholesterol, investigators have questioned whether they are susceptible to oxidation in the same fashion as cholesterol. The mechanisms of formation of cholesterol oxidation products (COP) are well documented (Tai et al. 1999) ; however, research on the oxidation of phytosterols has not been as extensive. In addition, the toxicity of COP and their potential harmful role in the development of atherosclerosis is acknowledged (Leonarduzzi et al. 2002) while the biological effects of phytosterol oxidation products (phytosterol oxides) are not well known and data in this field remain scarce.
The potential for formation of phytosterol oxides in plant foods has been noted (Dutta, 1999) . Dutta & Appelqvist (1997) reported that the phytosterol oxide content in vegetable oils increased after 2 d of frying. French fries fried in this vegetable oil also contained higher concentrations of phytosterol oxides than before frying. A commercial margarine enriched with phytosteryl esters was found to contain 0·1 % of the phytosterols in the oxidised form (Grandgirard, 2002) . As the authors of this report point out, a recommended daily intake of 2-4 g phytosterols could allow the ingestion of 2-4 mg phytosterol oxides. This quantity is similar to the quantities of COP (3 -4 mg) that were analysed in the daily diets in the Netherlands and New Zealand (Van de Bovenkamp et al. 1988; Lake & Scholes, 1997) . Limited evidence suggests that food phytosterol oxides are absorbed in vivo (Grandgirard et al. 1999 ). Furthermore, the metabolism of phytosterols in vivo is not well understood particularly when high doses are ingested. Their in vivo transformation into phytosterol oxides cannot be excluded. Plat et al. (2001) reported that phytosterol oxides were present in elevated concentrations in serum from phytosterolaemic patients. Phytosterolaemia is a rare inherited sterol-storage disease characterised by very high concentrations of serum plant sterol.
Only a few studies have measured the biological effects of phytosterol oxides. Adcox et al. (2001) demonstrated that phytosterol oxides cause cellular damage in cultured macrophage-derived cells. Similar damage occurred due to COP, but the effect of phytosterol oxides was less severe. Kakis et al. (1977) reported that 7-ketocholesterol inhibited cholesterogenesis by 20 -30 %, whereas 7-ketositosterol had no effect. Recent trends towards the replacement of animal oils with vegetable oils in the fast-food industry and the continued appearance of foods enriched with large amounts of phytosterols that are known to be liable to oxidation, together with the lack of information on the potency of phytosterol oxides, indicates a need for wider research in this area.
The available data suggest that the effects of phytosterol oxides in foods are qualitatively and quantitatively similar to those of COP. In cell culture, COP have been shown to be toxic to a variety of human and animal cell types, including smooth muscle cells, fibroblasts, vascular endothelial cells, macrophages and lymphocytes (Christ et al. 1993; Aupeix et al. 1995; Lizard et al. 1999; Lyons et al. 2001; O'Callaghan et al. 2001) . It is not known whether COP exert the same effects in vivo, but damage to these cell types would assist in the development of atherosclerosis. In a number of these studies the mechanism of COP-induced toxicity was identified as apoptosis. Many factors that induce apoptosis have also been shown to elicit an oxidative stress (Ghibelli et al. 1999) , so it may be that oxidative stress is central to the COP-induced apoptotic process. It has been previously reported that 7b-hydroxycholesterol (7b-OH)-induced apoptosis in U937 cells was accompanied by changes in glutathione concentration and superoxide dismutase activity (O'Callaghan et al. 2002) .
The most abundant phytosterol in nature is b-sitosterol ( Fig. 1 ; Clifton, 2002) . The main objective of the present study was to assess the effects of b-sitosterol oxides, produced as a result of heating the plant sterol, on the cytotoxicity, apoptosis and antioxidant status of U937 cells. The effects were compared with those of the cholesterol oxide, 7b-OH. Changes in several cell parameters were measured including cell viability, morphological analysis of cell nuclei, DNA fragmentation, determination of cellular glutathione levels and catalase activity. U937 cells are from a human monocytic blood cell line and are regularly employed as a macrophage reference model in studies investigating the cytotoxicity of COP. A second objective of the present study was to assess the potential genotoxicity of b-sitosterol oxides using the sister chromatid exchange (SCE) and alkaline comet assay (alkaline single-cell gel electrophoresis assay). Chinese hamster lung V79 cells were employed to measure SCE as these cells have long been utilised in cytogenetic studies (Perry & Wolff, 1974; O'Leary et al. 2001) . The aim was to determine whether b-sitosterol oxides were capable of modulating the levels of baseline DNA damage in these cells.
Materials and methods

Chemicals and reagents
All chemicals and cell culture reagents were obtained from the Sigma Chemical Co. (Poole, Dorset, UK) unless otherwise stated. Tissue culture plastics were supplied by Costar (Cambridge, UK). Cell lines were obtained from the European Collection of Animal Cell Cultures (Salisbury, Wilts, UK).
Maintenance of cell lines
Human monocytic U937 cells were grown in suspension in RPMI-1640 medium supplemented with 2 mM-L-glutamine and 10 % (v/v) fetal calf serum (FCS). Chinese hamster lung V79-4 fibroblast cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10 % (v/v) FCS and 2 mM-L-glutamine. The cells were grown at 378C and 5 % (v/v) CO 2 in a humidified incubator. All cell lines were screened for mycoplasma contamination by the Hoechst staining method (Mowles, 1990) and were cultured in the absence of antibiotics. Exponentially growing cells were used throughout.
Production of b-sitosterol oxides
Individual phytosterol oxidation products are not commercially available. Therefore, these were prepared: (i) oxidation products of b-sitosterol (b-sitosterol oxides) by heat treatment; (ii) the aand b-epoxide (sitosterol-5a,6a-epoxide and sitosterol-5b,6b-epoxide) in a 5:1 ratio by oxidation of b-sitosterol. Commercial b-sitosterol (. 97 % b-sitosterol (by GC), residual campesterol and stigmasterol) was obtained from Sigma-Aldrich and oxidised without further purification. Oxidation of the sterol was carried out according to the procedure of Daly et al. (1983) . Briefly, b-sitosterol (10 g) was heated at 1008C for 48 h in an open round-bottomed flask in a dark oven. The heat-treated sterols were dissolved in boiling absolute ethanol (reagent grade), concentrated under vacuum at room temperature and cooled to 48C overnight. Crystals of unoxidised phytosterols were removed by filtration and the filtrate was further concentrated. The filtrate was analysed by TLC and NMR-spectroscopy. For TLC analysis, 50 mg of the oxidised sterol was dissolved in 1 ml redistilled diethyl ether (reagent grade). Of this solution, 50 ml was applied as an individual spot to 200 £ 200 mm plastic sheets pre-coated with silica gel. Chromatographs were developed in diethyl ether, dried and sprayed with 50 % (v/v) H 2 SO 4 followed by heating for a few min at 1008C to char the separated oxidation products. The typical TLC plate revealed four or more products of oxidation (Fig. 2) . This was confirmed by NMR analysis. The filtrate yielded approximately 2 g phytosterol oxides when dried overnight in a vacuum desiccator.
To prepare the aand b-epoxides, b-sitosterol was oxidised according to a procedure described by Fieser & Fieser (1967) . b-Sitosterol (1·8 g) dissolved in methylene chloride (CHCl 3 ) was added to a solution of m-chloroperbenzoic acid in CHCl 3 at 258C and stirred for 2 h. The reaction mixture was quenched with saturated sodium sulfite, stirred for an additional 5 min, separated and the aqueous phase extracted with CH 2 Cl 2 . The combined organic phases were washed with saturated NaHCO 3 and finally with saturated NaCl solution followed by drying over MgSO 4 . The solvent was removed under vacuum and the residue dried overnight yielding 1·62 g of products. The product obtained was analysed by TLC and NMR-spectroscopy. The typical TLC plate ( Fig. 2 ) revealed one spot assigned probably to both aand b-epoxide, while NMR-spectroscopy showed that the a-epoxide (a-epoxysitosterol) was the prevailing product (data not shown).
Treatment of cells with sterol oxides
U937 cells were adjusted to a density of 1 £ 10 5 cells/ml and compounds were added in reduced serum media, 2·5 % (v/v) FCS. Cells were treated with b-sitosterol (30 and 60 mM), increasing concentrations of b-sitosterol oxides (0 -120 mM), a-epoxysitosterol (60 mM) or 7b-OH (30 mM). All compounds were dissolved in ethanol for delivery to cells and the final concentration of ethanol in cultures did not exceed 0·5 % (v/v). Equivalent quantities of ethanol were added to control cells and samples were incubated for 12, 24 and 48 h at 378C and 5 % (v/v) CO 2 .
Cell viability
The viability of the cells was assessed after 12, 24 and 48 h by the fluorochrome-mediated viability assay as described by Strauss (1991) . Briefly, cells were mixed 1:1 (v/v) with a solution of fluorescein diacetate and ethidium bromide, then incubated at 378C for 2 -5 min before being layered onto a microscope (Micron Optical Co. Ltd., Wicklow, Republic of Ireland) slide. Under these conditions, live cells fluoresce green, whereas dead cells fluoresce red. Dying cells have a green cytoplasm and red nucleus. Samples were examined at 200 £ magnification on a Nikon fluorescence microscope (Micron Optical Co. Ltd, Wicklow, Republic of Ireland) using blue light (450 -490 nm). Cells (200) were scored from each slide and cell viability was expressed as the percentage of viable (green) cells relative to the control.
Morphological analysis of cell nuclei
Nuclear morphology of control and treated cells was assessed by fluorescence microscopy after staining with Hoechst 33342. Approximately 4 £ 10 5 cells were centrifuged at 200 g for 10 min to form a pellet. Hoechst 33342 stain (200 ml, 5 mg/ml) was added and the samples incubated at 378C and 5 % (v/v) CO 2 for 1 h. Stained samples were placed on a microscope slide and examined under u.v. light (Nikon Labophot fluorescence microscope, 400 £ magnification). A total of 300 cells per sample were analysed and the percentage of fragmented and condensed nuclei was calculated. Apoptotic cells were characterised by nuclear condensation of chromatin and/or nuclear fragmentation (Dubrez et al. 1996) .
DNA fragmentation assay
Detection of small DNA fragments was conducted as described in O' Callaghan et al. (1999) . Briefly 2 £ 10 6 cells were harvested and the pellets were lysed, RNAse A (0·25 mg/ml) was added and the samples incubated at 508C for 1 h. The condensate was spun down and proteinase K (5 mg/ml) added. The samples were incubated at 508C for a further 1 h before being loaded into the wells of a 1·5 % (w/v) agarose gel. A 100 -1500 bp DNA standard (Promega) was used to assess DNA fragmentation. Electrophoresis was carried out in 1·5 % (w/v) agarose gels prepared in tri(hydroxymethyl)-aminomethane-borate-EDTA buffer at 0·3 V/mm. DNA was visualised under u.v. light on a transilluminator (312 nm) after ethidium bromide staining and photographed using a digital camera (Kodak, Anachem Ltd, Dublin, Republic of Ireland). 4 £ 10 6 cells were centrifuged at 200 g for 10 min and washed with PBS. The pellets were lysed with 500 ml ice-cold phosphate -EDTA buffer (0·1 M-sodium phosphate, 0·005 M-EDTA, pH 8) containing 1 % (w/v) Triton-X-100. After sonication, samples were centrifuged at 15 000 g for 15 min. A portion (10 ml) of the supernatant fraction from the cells was mixed on ice with 500 ml assay mixture (20 mM-tri(hydroxymethyl)-aminomethane-HCl, pH 7 containing bovine serum albumin (1 g/l) and 2·35 M-H 2 O 2 ). After 1 min the reaction was stopped by the addition of 1 ml of a titanium oxysulfate solution (2·25 g/l) in 1 M-H 2 SO 4 . All tubes reached room temperature and the absorbance was measured at 405 nm. Catalase activity was determined, based on the amount of H 2 O 2 remaining, from a standard curve. Catalase activity was expressed relative to the protein content. Protein content was determined by the bicinchoninic acid method (Smith et al. 1985) .
Determination of catalase activity
Determination of cellular glutathione levels
The cellular level of glutathione was measured according to the method of Hissin & Hilf (1976) . Briefly, 4 £ l0 6 cells were centrifuged at 200 g for 10 min and washed with PBS. The pellets were lysed with 500 ml ice-cold phosphate -EDTA buffer (0·1 M-sodium phosphate, 0·005 M-EDTA, pH 8) containing 1 % (w/v) Triton X-100. After sonication, samples were centrifuged at 15 000 g for 15 min. The supernatant fraction (100 ml) was diluted in 1·8 ml phosphate-EDTA buffer and mixed with 100 ml o-phthaldaldehyde (1 mg/ml). Samples were incubated at 258C for 15 min and the fluorescence was detected at 420 nm following activation at 360 nm. The glutathione concentration of the samples was determined from a standard curve. Glutathione concentration was expressed relative to the protein content. Protein content was determined by the bicinchoninic acid method.
Comet assay (single-cell gel electrophoresis assay)
DNA single-strand breaks were assessed by the alkaline single-cell gel electrophoresis assay or alkaline comet assay as described by Woods et al. (1999) . Briefly, a single cell suspension was prepared and embedded in 1 % (w/v) low-melting-point agarose on a microscope slide. The cells were lysed in a high-salt buffer (2·5 M-NaCl, 10 mM-tri(hydroxymethyl)-aminomethane, 100 mM-EDTA, 1 % (w/v) sarcosine, 1 % (v/v) Triton X-100, 10 % (v/v) dimethyl sulfoxide, pH 11) for 1·5 h at 48C, then subjected to alkali treatment in an electrophoresis tank to allow DNA unwinding (for 40 min at 48C). Without changing the alkali solution, the slides were electrophoresed (20 V, 25 min, 300 mA) before being neutralised and stained with ethidium bromide. A Komet analysis system 4.0 developed by Kinetic Imaging Ltd (Liverpool, UK) linked to a CCD camera was used to quantify the length of DNA migration and the percentage of migrated DNA. The program calculated the Olive tail moment of every comet, which is the generally accepted parameter for estimation of the level of single-strand DNA breaks (Olive & Banath, 1993) . Randomly selected cells (fifty) were analysed per sample.
Sister chromatid exchange assay V79-4 fibroblast cells were used for the SCE assay because they have a stable karyotype and a short cell cycle. The cells were plated in Dulbecco's modified Eagle's medium supplemented with 10 % (v/v) FCS and 2 mM-L-glutamine in 100 mm Petri dishes. The cells were seeded at a density of 1·1 £ 10 5 cells/ml and all compounds were added in reduced serum medium, 2·5 % (v/v) FCS. Cells were incubated with b-sitosterol (30 and 60 mM), increasing concentrations of b-sitosterol oxides (0 -120 mM) or 7b-OH (30 mM) for 24 h in the dark at 378C in 5 % (v/v) CO 2 . After incubation, the cells were harvested by scraping and treated with 0·075 M-KCl for 10 min (378C). The samples were then fixed three times in freshly prepared ice-cold Carnoy's fixative before being dropped onto methanolcleaned microscope slides. Differential staining of the sister chromatids was visualised using the fluorescence plus Giemsa method of Perry & Wolff (1974) . Approximately twenty-five metaphases per slide were analysed for SCE, which were expressed as the number of SCE per chromosome. The number of metaphase spreads in a total of 1000 nuclei was counted to give the mitotic index.
Statistics
All data points are the mean values and standard errors of the mean of at least three independent experiments. Where appropriate, data were analysed by one-way ANOVA followed by Dunnett's test.
Results
Effect of b-sitosterol, b-sitosterol oxides, a-epoxysitosterol and 7b-hydroxycholesterol on cell viability Viability of U937 cells was determined using the fluorescein diacetate-ethidium bromide method. At 12 h, treatment of U937 cells with 120 mM-b-sitosterol oxides reduced cell viability to 51·7 % relative to the control (P, 0·01). All other compounds had no significant effect on cell viability at this time point ( Fig. 3 (A) ). After 24 h, 7b-OH at 30 mM and b-sitosterol oxides at 60 and 120 mM significantly (P, 0·01) reduced cell viability to 74, 65 and 34 % respectively, relative to control. All other compounds were not toxic ( Fig. 3 (B) ). Upon increasing the duration of exposure to 48 h these compounds reduced the cell viability even further ( Fig. 3 (C) ). At all time points tested, the parent compound b-sitosterol (30 and 60 mM), a-epoxysitosterol (60 mM) and the lower concentration of b-sitosterol oxides (30 mM) were not toxic to U937 cells.
Effect of b-sitosterol, b-sitosterol oxides, a-epoxysitosterol and 7b-hydroxycholesterol on induction of apoptosis
Condensed and fragmented nuclei were determined by morphological examination following staining with Hoechst 33342. Cells with nuclei that were condensed or fragmented were identified as apoptotic. Following 12 h, the percentage of apoptotic cells did not exceed 4 % in the control cells. In contrast, there was a significant (P, 0·01) increase in the percentage of apoptotic cells following exposure to 60 and 120 mM-b-sitosterol oxides. The percentage of apoptotic cells for all other samples was between 2 -7 % at this time point (Fig. 4 (A) ). At the 24 h time point, the percentage of apoptotic cells did not exceed 6 % in the control cells ( Fig. 4 (B) ). At this time, in addition to cells treated with 60 and 120 mM-b-sitosterol oxides, cells exposed to 30 mM-7b-OH had significantly (P, 0·01) increased apoptotic cell death. At 24 h, cells treated with 60 and 120 mM-b-sitosterol oxides and 30 mM-7b-OH produced a ladder-like pattern on agarose gels (Fig. 5) . In contrast, DNA ladders were not seen in all the other treatment groups. At 48 h, the percentage of apoptotic cells did not exceed 5 % in the control cells ( Fig. 4 (C) ) but was significantly (P, 0·01) increased in cells exposed to b-sitosterol oxides (60 and 120 mM) and 7b-OH. The order of potency for inducing apoptosis at 24 and 48 h was To determine the antioxidant status of cells the cellular glutathione levels and catalase activity were measured. After 6 h none of the treated cells showed any significant change in the cellular glutathione levels. However, at the 12 h time point, cells treated with 120 mM-b-sitosterol oxides and 30 mM-7b-OH showed a decrease in glutathione levels to approximately 46 and 73 % relative to the control. At 12 h the glutathione concentration was 41·1 (SEM 3·7) nmol/mg protein for the control and 18·9 (SEM 4·5) and 29·9 (SEM 3·2) nmol/mg protein for the b-sitosterol oxides-and 7b-OH-treated cells respectively. At the same time point (12 h), none of the treated cells showed any significant change in catalase activity. Catalase activity in control cells was 28·9 (SEM 0·4) units/mg protein, and in cells treated with 30 mM-7b-OH, 60 mMand 120 mMb-sitosterol oxides, activity was 29·2 (SEM 0·4), 26·4 (SEM 2·3) and 23·8 (SEM 0·5) units/mg protein respectively. Results are from three independent experiments. Effect of b-sitosterol, b-sitosterol oxides, a-epoxysitosterol and 7b-hydroxycholesterol on DNA integrity
To assess the potential of b-sitosterol oxides to induce single-strand DNA breaks, U937 cells were incubated with the test compounds for 24 h and processed for the alkaline single-cell gel electrophoresis assay. None of the compounds significantly increased the formation of DNA single-strand breaks relative to the control. The average Olive tail moment of the comets was estimated for every sample. In contrast, upon exposure to increasing concentrations of H 2 O 2 (25 -500 mM), DNA damage in U937 cells was significant and dose-dependent (data not shown).
Effect of b-sitosterol, b-sitosterol oxides, a-epoxysitosterol and 7b-hydroxycholesterol on sister chromatid exchange
The addition of any of the test compounds or solvents to the growth medium did not affect the background frequency of SCE. In control cells the SCE/chromosome was 0·26 (SEM 0·01) (results from three independent experiments). In contrast, treatment with H 2 O 2 (50 and 100 mM) significantly increased (P, 0·01) the number of SCE in respect of the control samples. The SCE/chromosome increased to 0·67 (SEM 0·02) and 0·75 (SEM 0·02) (results from three independent experiments) following treatment with 50 and 100 mM-H 2 O 2 respectively. The mitotic index was not affected by any of the treatments used in the present study. The replicative index of V79 cells was significantly decreased (P, 0·01) following treatment with 100 mM-H 2 O 2 . The replicative index/100 nuclei was 2·03 (SEM 0·02) % in control cells and 1·15 (SEM 0·09) % in 100 mM-H 2 O 2 -treated cells. The genotoxin (H 2 O 2 ) was not cytotoxic at the concentration used in the experiments as measured by the neutral red uptake assay (data not shown).
Discussion
Our findings demonstrate that b-sitosterol oxides exhibit similar patterns of toxicity as the COP, 7b-OH. The phytosterol oxides used in the present study contain a mixture of oxidation products as indicated by TLC (Fig. 2) . In relation to COP, Aupeix et al. (1995) reported that simultaneous administration of equimolar concentrations of these compounds to U937 cells resulted in quenching effects on the COP-induced toxicity. Leonarduzzi et al. (2001) demonstrated that equimolar amounts of 7-ketocholesterol and a mixture of COP, representative of that found in oxidised LDL, were significantly more potent at inducing apoptosis in cultured macrophages when used alone compared with a mixture. Thus, mixtures of oxysterols (COP) may be less toxic towards vascular cells than single purified compounds. In this regard, it would be extremely interesting to extend the toxicological analysis to individual phytosterol oxides rather than mixtures of these compounds. However, individual phytosterol oxides are not commercially available.
There have been very few reports on the physiological effects of phytosterol oxides. Adcox et al. (2001) studied the cytotoxicity of cholesterol, a b-sitosterol -campesterol mixture (50 :40 %), and their oxides in a cultured-derived macrophage cell line. They reported that cholesterol oxides and b-sitosterolcampesterol oxides exhibit similar patterns of toxicity; however, the effects were less severe with the phytosterol oxides. In line with our findings, they also found the parent phytosterol to be non-toxic. Our results also indicate that the compound, a-epoxysitosterol, was not toxic to U937 cells. It had no effect on cell viability or induction of apoptosis, nor was any DNA laddering evident. This is consistent with results reported by O'Callaghan et al. (2001) for the corresponding COP, cholesterol-5a,6a-epoxide. Cholesterol-5a,6a-epoxide was not toxic to, and did not induce apoptosis in, U937 cells. Analytical methods for measuring phytosterol oxides in foods and biological samples have improved in recent years . Some recent developments in the area of separation of phytosterol oxides by high-resolution capillary column GLC are now allowing accurate identification and quantification of these compounds. Grandgirard (2002) reported on the presence of phytosterol oxides in plasma from healthy human subjects. The main compounds identified were b-epoxysitosterol and sitostanetriol. A trace of 7-ketositosterol was also observed. Plat et al. (2001) reported on the presence of phytosterol oxides in serum from phytosterolaemic patients. Similar oxidation products to those formed from cholesterol were identified. In fact, approximately 1·4 % of the sitosterol molecules in these patients' serum was oxidised. This is considerably higher than the approximately 0·01 % oxidatively modified cholesterol normally present in healthy human serum. One of the most atherogenic cholesterol oxides is 7b-OH and Plat et al. (2001) found both 7b-hydroxysitosterol and 7b-hydroxycampesterol in serum from phytosterolaemic patients. They reported plasma 7b-hydroxysitosterol concentrations of about 2 mM and slightly higher concentrations for 7-ketositosterol. Patients suffering from phytosterolaemia have a strong predisposition to premature coronary atherosclerosis (Bjorkhem & Boberg, 1994) . Increasing evidence suggests that cholesterol oxides are atherogenic and may play a role in plaque development in man. Most of the information on the toxicity of cholesterol oxides derives from in vitro studies where various cell types, including vascular cells, were exposed to high concentrations of these compounds (for a recent review, see Leonarduzzi et al. 2002) . The levels of phytosterol oxides used in our studies are similar or lower than the levels of cholesterol oxides used in published in vitro models. These levels are higher than those encountered physiologically. Thus, the relevance of published findings on in vitro effects of cholesterol oxides and our findings on phytosterol oxides needs further investigation. Clearly, the biological effects of phytosterol oxides in man remain unknown. Given the structural similarities between cholesterol oxides and phytosterol oxides, model systems that have been used to study cholesterol oxides are suitable for analysis of phytosterol oxides.
An interesting report by Clare et al. (1995) found that addition of cholesterol in vitro to human monocytemacrophages protected against cell damage induced by 25-and 26-hydroxycholesterol but not 7-position cholesterol oxides. The possible protective role of cholesterol against phytosterol oxide toxicity in vitro merits further investigation.
It has been reported that glutathione depletion precedes and may be an early indicator of apoptotic cell death (Lizard et al. 1998 ). However, it may not be an obligatory pathway in oxysterol-mediated cytotoxicity (Therond et al. 2000) . In the present study, the first manifestation of cytotoxicity with the high concentration of b-sitosterol oxides appears to be the reduction of cellular glutathione. This reduction was observed following 12 h incubation with 120 mM-b-sitosterol oxides and 30 mM-7b-OH. There was no reduction in cellular glutathione levels at the 12 h time point with b-sitosterol oxides at 60 mM, although after 24 h the percentage of apoptotic cells had increased to 35 %. This is consistent with the results of Ghibelli et al. (1998) , where it was reported that a lag between glutathione extrusion and the onset of apoptosis in U937 cells exists but may be too short to be detected in oxidative stress-induced apoptosis. Catalase activity also plays an important role in protection against oxidative stress. Cantwell & Devery (1998) reported that catalase activity is increased in rat hepatocytes exposed to COP. However, in the present study, catalase activity of U937 cells was unaltered after a 12 h incubation with b-sitosterol oxides (30 and 60 mM) and 30 mM-7b-OH. These findings are consistent with results in relation to COP reported by O'Callaghan et al. (2002).
b-Sitosterol oxides do not appear to be genotoxic to U937 cells as assessed using the DNA comet assay. The average Olive tail moment of comets obtained from b-sitosterol oxide-treated cells, which best characterises the degree of DNA damage, did not significantly alter in comparison with the control. In contrast, upon exposure to increasing concentrations of H 2 O 2 (25 -500 mM), DNA damage in U937 cells was significant (P, 0·01), and dose-dependent. The SCE assay is a sensitive indicator of genotoxicity and involves the exchange of DNA between two homologous sister chromatids. H 2 O 2 treatment resulted in a significant increase in SCE and decrease in the replicative index of the cells. However, none of the sterols and sterol oxides displayed genotoxic effects with regard to induction of SCE and effects on mitotic or replicative indices. Similarly, COP have previously been reported to be non-genotoxic to mammalian cells in culture (Woods & O'Brien 1998) .
In conclusion, the effects of phytosterol oxides on U937 cells closely resemble that of the COP, 7b-OH, although higher concentrations of the former are required. COP are considered as potentially important factors in the development of human health disorders such as atherosclerosis (Leonarduzzi et al. 2002) . Indeed, 7b-OH in plasma is considered to be a good marker of the risk for cardiovascular disease (Zieden et al. 1999) . With the increasing ingestion of foods enriched in phytosterols, it is essential to investigate the biological activity of separate b-sitosterol oxides to establish the hierarchy of toxicity of these products, and similarity or difference of their action on cells as compared with their structurally similar and functionally analogous COP.
